Abstract-This paper investigates the relationship between the number of hops from a source node to a destination node and the range estimation accuracy for multi-hop wireless networks with a focus on RSSI-based and TOA-based systems. Analytical results show a dramatic difference between RSSI based ranging and TOA based ranging. With TOA-based systems, it is found that by fixing the source to destination distance, the more number of hops between the source and the destination, the worse the ranging estimation accuracy. In contrast, with RSSI-based location systems, the more number of hops, the better the ranging estimation accuracy. Simulations and experimental measurements employing prototypical UWB and 802.15.4 devices are used to validate the findings.
INTRODUCTION
Fueled by technological advances, wireless networking technology has been experiencing a tremendous growth and widespread adoption. Integration of location capability into the wireless network enables the location of network devices anywhere in the area of deployment, making the network more valuable from the application point of view. Radiolocation is achieved by measuring one or more characteristics of the radio signal such as Received Signal Strength Indication (RSSI), Time-of-Arrival (TOA). Using these measurements, the ranges between devices in the network are estimated and the locations of the devices are computed based on the estimated ranges information.
Range estimation can be achieved by measuring the TOA of an RF signal using one or two way communication exchanges between devices [1] . Employing the two-way method, distance is estimated by measuring the round trip time of flight of a packet exchange between devices. This method is attractive for practical implementation as it does not require clock synchronization between devices. When there is clock synchronization between transmitter and receiver, a one way packet transmission can be employed. RSSI can also be used for estimating the distance between two devices [2] . Signal attenuation is related to distance using a log-normal model for path loss. RSSI is very attractive due to the widespread availability of received signal strength indication in wireless transceivers and the simplicity of the ranging implementation.
Another crucial aspect of wireless network operation is low power consumption. It has been recognized that multi-hop communication (messages are relayed by intermediate nodes) improves energy efficiency by reducing the communication range required to convey information from a source to a destination [3] - [5] . While reducing range is attractive from power consumption standpoint, the effect of communication range on range estimation and location estimation accuracy has not been reported.
To understand the relationship between the number of hops from source to destination and the range estimation accuracy, an investigation has been carried out analytically, numerically and experimentally for two representative ranging systems: RSSI and TOA. Theoretical analysis results show the dramatic difference between the RSSI based ranging and the TOA based ranging. Simulations and experimental measurements employing prototypical UWB and 802.15.4 devices are used to validate the theoretical findings. This paper is organized as follows. In section II, theoretical analysis for a one-dimensional system is presented that shows the dramatic difference between the RSSI and TOA based ranging systems. In section III, results from numerical simulations of a two-dimensional system are shown to agree with the theoretical analysis. In section IV, the experiments using a TOA system (UWB based) and an RSSI system (IEEE 802.15.4 based) are described and the results further confirm the findings from analysis and simulation. Finally, the conclusions are given in section V.
II. THEORETICAL ANALYSIS
For analytical simplicity, we consider a one-dimensional system with 1 source node, 1 destination node and n-1 intermediate nodes lineraly placed between the source node and the destination node as shown in Fig. 1 . 
A. Performance of RSSI-based ranging
The most popular RSSI-based channel model is the lognormal model [6] . Using this model the measured range corresponding to the true range 
It can be shown that when the nodes are evenly distributed, i.e.,
, the range estimate dˆ achieves the smallest variance, which is
Three conclusions are derived from the above analysis: (a) An evenly distributed network has the best range estimation accuracy; (b) If we fix the source to destination distance d, the more number of hops from source to destination, the better the range estimation accuracy; (c) The greater the physical distance d from source to destination, the worse the resulting range estimation accuracy. range. This assumption agrees with the wideband measurement campaigns reported in [7] . The estimate of
The ranging estimate between source node and destination node is
which has a variance of
It can be seen from (5) that, for TOA based multi-hop location system, the ranging estimation accuracy is solely dependent on the number of hops from the source to the destination and the inherent variance of the TOA measurement. For TOA, the more number of hops from source to destination the worse the ranging estimation accuracy.
III. SIMULATION RESULTS

A. Simulation setup
In this section, we simulate the system performance for two-dimensional scenario. The setup for this simulation is as shown in Fig. 2 .
The location is a 10 meters by 100 meters hallway. Four reference nodes (source nodes) are located at one end, and four destination nodes are located at the other end. Blindfolded nodes are randomly deployed between the reference nodes and the destination nodes forming a multi-hops network. For simplicity, we fix the number of nodes in the overlap areas between hops to be 4. There are n hops from the reference nodes to the destination nodes. In the following up simulations, the number of hops n will be changed from 1 to 9, and the impact of n to the location estimation accuracy of the destination nodes will be evaluated.
The simulations that follow show the location accuracy vs. hops to the destination. Although the results present location accuracy, it is established in [8] - [9] that it directly relates to the ranging accuracy. 
B. RSSI-based location system simulation
In this simulation, the ranges between neighboring nodes are estimated based on the log-normal channel model. The parameters of the channel mode are fixed with channel pathloss exponent p =3 and standard deviation 1 . 0 = σ units. In this simulation, the location of all the blindfolded nodes is estimated by minimizing the overall range error, and the averaged location estimation errors of the destination nodes are calculated. Fig.3 illustrated the curve of the location estimation errors as a function of number of hops n .
It can be seen that for an RSSI-based location system, by fixing the ranges between the source and destination nodes, the more hops there are between source nodes and destination nodes, the better the ranging and thus location accuracy.
C. TOA-based location system simulation
The setup for this simulation is the same as described above, however the ranges between neighboring nodes are generated while modeling the individual ranging errors as a zero-mean white Gaussian random variable with a fixed standard deviation 1 . 0 = σ units. Finally, the location of all the blindfolded nodes is estimated by minimizing the overall range error. Subsequently, the averaged location estimation errors of the destination nodes are calculated. Fig.4 displays the curve of the location estimation errors as a function of number of hops.
It can be seen that for a TOA-based location system, by fixing the range between the source and destination nodes, the more hops there are between source nodes and destination nodes, the worse the location accuracy. This conclusion is dramatically different with that of the RSSI-based system.
IV. EXPERIMENTS
A. RSSI-Based ranging experiment
A measurement campaign was performed to verify our findings. In the RSSI-based range experiment, we performed RSSI measurement with our neuRFon TM nodes and neuRFon TM network [8] . The neuRfon TM nodes are very low power, low cost RSSI-capable IEEE 802.15.4/ZigBee compliant wireless sensor nodes. As shown in Fig.5 , the experiment environment is a typical office area partitioned by 1.8 meter tall cubicle walls inside the Motorola facility in Plantation, Florida. The neuRFon TM nodes were deployed on top of the cubicle walls, forming a linear track. Node-1 is the source node and node-6 is the destination node. Four intermediate nodes were deployed between the source node and the destination node. All nodes can communicate with one another. The RSSI between the nodes was measured. The measured path-loss is depicted as a function of log-distance, as shown in Fig.6 . It can be seen that the measurements match the log-normal channel model very well. Number of hops from source node to destination node Figure 7 . Range estimation error vs. the number of hops from the source node to the destination node for the RSSI based system.
The physical distance between the source node (node-1) and the destination node (node-6) was fixed. The minimum number of hops from the source node to the destination node is 1 hop without using any intermediate node, the maximum number of hops from source node to the destination node is 5 hops by using all 4 intermediate nodes. The 1-hop range estimation was achieved by converting the RSSI between node-1 and node-6 into range with the log-normal channel model; the 2-hop range estimate was realized by converting the RSSI between node-1 and node-4 and the RSSI between node-4 and node-6 into ranges and adding these two ranges together; the 3-hop range estimation was achieved by converting the RSSI between node-1 and node-3, the RSSI between node-3 and node-5 and the RSSI between node-5 and node-6 into ranges and adding these three ranges together; the 4-hop range estimate was derived by converting the RSSI between node-1 and node-3, the RSSI between node-3 and node-4, the RSSI between node-4 and node-5 and the RSSI between node-5 and node-6 into ranges and adding these four estimated ranges together; the 5-hop range estimate was performed by converting the RSSI between all the neighboring nodes into ranges and adding these five ranges together. The range estimation error vs. the number of hops from the source to destination node is shown in Fig.7 .
It can be seen that by fixing the source to destination distance, the more number of hops from source to destination, the better the ranging estimation accuracy, the experimentally results validate the theoretical findings and the simulation results.
B. TOA-Based ranging experiment
In the TOA experiment, we carried out a measurement campaign using an experimental pair of range-capable UWB transceivers prototyped by XtremeSpectrum Inc. These transceivers operate in the 3.1 to 10.6 GHz band, use BPSK signaling and DS-SS modulation. The transceivers have a communication range of 10 meters at 100 Mbps and transmit less than 1 mW spread over the bandwidth of operation [9] . The distance between two nodes is estimated from round trip time of flight measurements of a packet exchange between two UWB nodes without requiring time synchronization devices. Measurements were performed on the weekends to ensure freedom from effects due to movement of people. For all measurements personnel operating the nodes positioned themselves away from the devices and remained motionless during the measurements. After making the measurements the two ranging UWB units were calibrated using the known ranges using a least mean square error fit to calibrate out the internal delays of the units. The distribution of the test points on the factory floor is depicted on Fig. 9 . Point-to-multipoint range measurements were performed by fixing one UWB transceiver at a given location, placing the second UWB transceiver at each one of the test points and collecting 100 point-to-point range measurements at each location. Fig. 10 shows a histogram of the ranging errors for our measurement campaign. The ranging errors can be roughly approximated by a Gaussian function as is assumed in our theoretic analysis and simulation model.
The physical distance between the source node-1 and the destination node-4 was fixed. The minimum number of hops from the source node to the destination node is 1 hop without using any intermediate node, the maximum number of hops from source node to the destination node is 3 hops by using all 2 intermediate nodes. The 1-hop range estimation was obtained by converting the TOA between node-1 and node-4 into a range estimate; the 2-hop range estimate was obtained by converting the TOA between node-1 and node-2 and the TOA between node-2 and node-4 into ranges and adding these two ranges together; the 3-hop range estimate was obtained by converting the TOA between all the neighboring nodes into ranges and adding these three ranges together. The range estimation error vs. the number of hops from the source to destination node is shown in Fig.11 .
It can be seen that by fixing the source to destination distance, the more number of hops from source to destination, the worse the ranging estimation accuracy. Here the experimental results also validate the theoretical findings and the simulation results.
V. CONCLUSIONS
In this paper, we have investigated, via analysis, simulation and experiments, the relationship between the number of hops from source to destination and the ranging estimation accuracy for both RSSI-ranging and TOA-ranging systems. It is found that by fixing the source to destination distance and increasing number of hops between the source and the destination, the ranging estimation accuracy deteriorates for TOA-ranging systems but improves for RSSI-ranging systems. We analyzed one-dimensional location systems and simulated the ranging systems for a two-dimensional scenario. The simulation results match with the analysis very well. Some experiments were conducted to verify the above conclusions. In one experiment, we carried out a TOA measurement campaign using an experimental pair of range-capable UWB transceivers. The distance between two nodes is estimated from round trip time of flight measurements of a packet exchange between two UWB nodes. In the other experiment, we performed RSSI measurement campaign with our neuRFon TM nodes and neuRFon TM network. The experimentally results validate our findings. Figure 11 . The range estimation error vs. the number of hops from the source node to the destination node for the TOA-based system.
